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Abstract:  Realising  engineering  ceramics  to  serve  as  substrate  materials  in  high-
performance  terahertz(THz)  that  are  low-cost,  have  low  dielectric  loss  and  near-
dispersionless broadband, high permittivity, is exceedingly demanding. Such substrates are
deployed in, for example, integrated circuits for synthesizing and converting nonplanar and
3D structures into planar forms. The Rutile form of titanium dioxide (TiO2) has been widely
accepted as commercially economical candidate substrate that meets demands for both
low-loss and high permittivities at sub-THz bands. However, the relationship between its
mechanisms of dielectric response to the microstructure have never been systematically
investigated in order to engineer ultra-low dielectric-loss and high value, dispersionless
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 permittivities. Here we show TiO2 THz dielectrics with high permittivity (ca. 102.30) and
ultra-low loss (ca. 0.0042). These were prepared by insight gleaned from a broad use of
materials  characterisation  methods  to  successfully  engineer  porosities,  second  phase,
crystallography  shear-planes  and  oxygen  vacancies  during  sintering.  The  dielectric  loss
achieved here is not only with negligible dispersion over 0.2 - 0.8 THz, but also has the
lowest  value  measured  for  known  high-permittivity  dielectrics.  We  expect  the  insight
afforded  by  this  study  will  underpin  the  development  of  subwavelength-scale,  planar
integrated circuits, compact high Q-resonators and broadband, slow-light devices in the
THz band.  
The Terahertz (THz) band, defined as the electromagnetic frequency domain spanning from
0.1  to  10  THz,  has  shown  attractive  applications  in  materials  science1,  chemistry2,
communication  engineering3 and  the  life  sciences4.  Small-scaled  and  high-density  planar
integration are the key to successful development of mass-produced, cost-efficient and light-
weight  commercial  THz  products  and  systems.  Substrate-integrated  technologies  are
promising  platform  for  THz-on-chip  in  the  future5.  However,  the  vital  driving  force  is  a
substrate  material’s  dielectric  properties  at  THz  band  frequencies,  i.e.  broadband-
dispersionless  low-loss  and  high  permittivity.  Not  having  these  properties  is  a  major
constraining  factor  for developing  the  next  generation  of  THz  devices  that  will  find
application in antennas, isolators, modulators, resonators, and also for efficient THz systems
capable of operating at gigabit data rates for big data communications6-8. Materials with low
dielectric  loss properties  translate  into  THz  systems  with  low  insertion  loss,  yielding  an
improved signal to noise ratio (S/N), a serviceable system power budget and, ultimately, cost
savings. High permittivity dielectrics can not only further scale-down the size of packaging in
THz systems, but also create a specific dielectric contrast to augment the sub-mm scaled
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 planar integrated THz components, thereby opening possibilities of THz systems that can be
planar-integrated  and  also  compatible  with  small-scaled  graphene  and  other  nano-
systems9,10. Non-dispersive mechanism in both loss and permittivity properties, can generally
supply  broad  bandwidth  operation  and  is  vital  to  improve  data  transmission  bit-rate  in
communication systems and also to give greater flexibility in engineering design.
Previous research has  involved traditional  microwave materials  to seek their  potential  of
being applied in THz band. However, linear dielectrics (e.g. Al2O3)11, A5B4O15 family (A=Ba, Sr,
Mg,  Zn;  B=Nb,  Ta)12 and  ferroelectrics,  like  Aurivillius  family  (e.g. SrBi2Nb2O9)13,  exhibited
either low permittivity or high loss in the THz domain. TiO2 owns high permittivity (ca. 100, in
microwave band)14, making it a good candidate for THz applications. The state-of-art study on
the dielectric properties of TiO2 in the THz band showed little progress as the dielectric loss
was always  high ( 0.01)11,15. The high dielectric  loss is  related to the complexed defect
structure in TiO2.  TiO2 can be easily reduced to oxygen-deficient non-stoichiometric TiO2-x
(where  x  is  the  oxygen  deficiency  Od),  at  high  temperature  and/or  low  oxygen  partial
pressure16. Defect structures, formed due to this reduction, would act as donor centres and
contribute to the n-type semiconductor behaviour and high loss17. 
Here, using spark plasma sintering (SPS) method to minimize the density of trapped porosity
(~0.2 μm) and defects, we have successfully produced the TiO2 ceramics with ultra-low loss
of 0.0042 at 0.20 THz, which is the lowest value for known high permittivity dielectrics (e.g.
εr >50). Moreover, the low dispersion of the permittivities and losses is negligible in 0.20 -
0.80 THz band, and this kind of Broadband and high performance properties is also a step
change in improving the bit-rate in data transmission18,  compared to that of the popular
metamaterial-based  components19.
3
 Results
TiO2 ceramics  were  prepared  using  both  conventional  sintering  (CS)  and  SPS  methods.
Samples sintered at 1210, 1250 and 1300 °C using CS method will be referred to as CS1210,
CS1250 and CS1300, respectively. A ZnO (1 wt%) sintering aid was used to decrease sintering
temperature of the CS samples and increase their density. The SPS samples sintered at 1050,
1200 and 1250 °C will be referred to as SPS1050, SPS1200 and SPS1250, respectively. No
sintering aid was added to these materials. The X-Ray diffraction (XRD) data of the CS and SPS
ceramics are shown in  the supplementary  Figure S1 and S2, respectively. All  ceramics are
single phase with rutile structure based on XRD data.  All the samples had a relative density
of greater than 95% (supplementary Table S1). 
Figure 1 shows SEM images of the TiO2 ceramics. The microstructure of a fracture surface for
the CS1210 sample is shown in Figure 1a. There is a high density of trapped porosities, and
sintering aid (marked as S) can be seen as second phase. Figure 1b shows the microstructure
of the CS1210 sample thermally etched at 1150 °C. The grain size is quite large (~25 µm).
Pores can be seen within the grains and at the grain boundaries. The trapped porosities were
produced by abnormal grain growth. The observed precipitates (marked as P), were formed
by  thermal  etching20,21.  Porosity,  second  phases  (sintering  aid),  and  interfaces  (grain
boundary) would increase dielectric loss22.
Figure 1c shows the microstructure of the SPS1050 sample. It has a small grain (~1 µm) and
pore  size  (~0.2  µm),  and  trapped  porosity.  Figure  1d  shows  the  microstructure  of  the
SPS1200 sample. It has a small and homogeneous grain size (~3 µm). Figure 1e shows the
microstructure  of  the SPS1250 sample.  The grain  size  (~7 µm) is  larger than that  of  the
SPS1200 sample. Trapped porosity was barely seen in the SPS1200 and SPS1250 samples, but
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 precipitates were additionally observed. Figure 1f shows the microstructure of  a fracture
surface of  SPS1250. No precipitation was observed,  since it  only formed by the thermal
etching. 
Figure 2 displays the X-ray photoelectron spectroscopy (XPS) characterization of both CS and
SPS samples. All the peaks have been fitted using the Lorentzian-Gaussian model23. Figure 2a
shows the XPS peaks of Ti 2p in CS samples. The Ti 2p3/2 peak shifts slightly towards a lower
binding energy with increasing sintering temperature. Figure 2b shows the O 1s peaks of the
CS samples. The O 1s peak has been fitted with three peaks for each sample and that of
CS1210 is shown as an example. The one at 529.98 eV represents oxygen in the intrinsic site;
the  peak  at  531.5  eV  is  related  to  oxygen  vacancies;  and  the  peak  at  532.65  eV  is
chemisorbed  oxygen  on  the  surface  of  the  sample24.  The  amount  of  oxygen  vacancy
decreased in CS1250 compared to that in CS1210 and then increased in CS1300. Figure 2c
shows the Ti peaks of the SPS samples. The Ti 2p3/2 peak positions of SPS1050 and SPS1200
are the same, but it tends to slightly shifts towards a lower binding energy in SPS1250. Figure
2d shows the O 1s peaks of the SPS samples, with a fitted example of SPS1050. The amount
of oxygen vacancy decreased from SPS1050 to SPS1250.
The shift of Ti 2p3/2 peaks in the CS samples to a lower binding energy is assumed due to the
lowering of valence state of a small number of Ti cations from Ti4+ to Ti3+, which indicates the
reduction  of  TiO2 and  formation  of  Ti3+  interstitials at  high  sintering  temperature25.  The
intensity of the oxygen vacancy peak increased with increasing sintering temperature, due to
the higher thermal activity of oxygen. The formation of oxygen vacancies would lead to non-
stoichiometry in the compound 16,17. However, a diminishing of oxygen vacancy is observed in
CS1250 (Figure 2b). The formation of  crystallographic shear planes in TiO2 is suggested to
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 account for the elimination of oxygen vacancy. According to the Anderson and Hyde model26,
oxygen vacancies  would aggregate into disks  and then collapse to a  shear-plane nucleus
bounded by a dislocation loop. The shear plane would grow by trapping vacancies on the
loop.  Crystal  structure  then  changes  from  corner-shared  octahedrals  to  edge-shared
octahedrals or edge-shared octahedrals to plane-shared octahedrals26. It is reported that, in
extremely reduced TiO2,  crystallographic shear planes would exist as an ordering structure
with  a  regular  spacing,  resulting  in  a  homologous  series  of  stoicheimetrically-defined
intermediates  with  general  formula  TinO2n-1,  also  known  as  Magnéli  phase27.  However,
crystallographic  shear  planes  were  also  observed  in  pure  TiO2 ceramics,  conventionally
sintered in air28. Note that, in slightly reduced TiO2, crystallographic shear planes could exist
in  limited  nano  regions  (bounded  by  dislocation  rings) from  the  clustering  of  oxygen
vacancies, as is in this work29. 
The  formation of  crystallographic  shear  planes  in  CS1250 are  due  to  the aggregation of
oxygen vacancies by a high sintering temperature. However, the shortening of cation-cation
distance  by  crystallographic  shear  planes  leads  to  an  enhancing  cation-cation  repulsion,
which would impede the further growth of crystallographic shear planes30. Meanwhile, the
formation  of  oxygen  vacancies  is  temperature-dependent.  As  the  sintering  temperature
increases,  the  rate  of  producing  oxygen  vacancies  outweighs  that  of  eliminating  oxygen
vacancies  by  crystallographic  shear  planes.  As  a  result,  the  amount  of  oxygen  vacancies
increased again in CS1300. The diminishing trace of oxygen vacancy was also observed in
SPS1250  (Figure  2d),  suggesting  the  formation  of  crystallographic  shear  planes  at  high
temperature. 
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 Transmission electron microscopy study of the CS1250 revealed the presence of twins and
shear  planes  in  the  crystals.  Figures  3  (a-c)  show  high-resolution  transmission  electron
microscopy (HRTEM) images of (0-11) twins and the corresponding selected area electron
diffraction (SAED) pattern. Diffraction patterns of both individual twins can be related by a
180°-rotation about the [0-11] reciprocal lattice vector, or equivalently by a mirror plane
operation  on  the  (0-11)  plane.  Formation  of  these  twins  does  not  change  the
stoichiometry of either metal or oxygen sublattices. In contrast 29, the presence of (121)
shear planes in rutile leads to the formation of  Magnéli phases, with face-shared TiO6
octahedra, and an increase in the Ti/O ratio. In case of the  CS1250 sample we observe
different local ordering of shear planes in the crystals so that areas of oxygen deficiency are
formed  within  crystals.  Figures  3  (d-f)  show  an  example  of  HRTEM  images  and  the
corresponding SAED pattern of such a local region where the Ti4O7 structure is formed. 
Figure 4a shows the Raman spectra of CS samples. The peak at ca. 142 cm-1 is identified as
the B1g mode, the peak at ca. 450 cm-1 is the Eg mode and the peak at ca. 608 cm-1 is the
A1g mode. The broad peak at 250 cm-1 corresponds to a second order phonon mode31. The
Eg mode is associated with a planar O-O vibration mode, while the A1g and B1g modes are
associated with a  Ti-O stretching vibration.  The oxygen deficiency in  these planes would
affect the Eg mode more than the A1g and B1g modes31,32. Therefore, only the change of the
Eg mode is considered here. The peak position of the Eg mode was carefully identified and
the full width at half maximum (FWHM) was calculated for CS samples (Figure 4b). The peak
position  of  the  Eg mode  is  red-shifted and  the  peak  becomes  broader  as  the  sintering
temperature increases31. The red-shift of phonon energies (softening) and the broadening of
phonon energies are due to anharmonic behaviour of the crystals. Anharmonicity reduces
crystal stability, degrades desired optical and dielectric and thermal transport properties and,
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 causes phonon damping33,34. Phonon softening of the CS samples, with increasing sintering
temperature  (Figure  4b),  indicated  an  increase  of  crystal  instability  linked  with
crystallography  shear  planes.  The  broadening  of  phonon  energies  was  caused  by  the
scattering of phonons by defects, which could further increase phonon damping, leading to
high dielectric loss. 
Raman spectra of the SPS samples are shown in Figure 4c. The Eg peak position and FWHM
of the SPS samples are shown in Figure 4d. The softening of the Eg mode and broadening of
peak width in SPS1050, indicated incomplete crystallisation, accompanied by anharmonicity.
The peak position blue-shifts from SPS1050 to SPS1200 but it decreases again for SPS1250.
The  phonon stiffening  in  SPS1200  demonstrates  the  increase  of  crystal  stability  and the
diminishing effect of anharmonicity. SPS1250 experienced a phonon softening due to the
appearance of crystallographic shear planes as mentioned in Figure 2d. The FWHMs keep
decreasing as the sintering temperature increases, which could be related to a lowering of
dielectric loss.
Figure 5 shows the frequency dependence of dielectric response of samples in the THz band.
High dielectric permittivities (ɛr > 90) were obtained for all samples. The permittivity of the CS
samples decreased from CS1210 to CS1250 and then increased in CS1300 (Figure 5a). The
decrease of permittivity in CS1250 is suggested to be related to the diminishing of oxygen-
vacancy-linked dipoles, as discussed in Figure 2b. Most of the oxygen vacancies would be
eliminated  by  the  formation  of  crystallographic  shear  planes,  and  as  a  result,  the
contribution from these defect-related dipoles to permittivity would vanish. The growth rate
of oxygen vacancies in CS1300 outweighed the formation of crystallography shear planes,
and the permittivity of CS1300 increased again due to extra contribution from local vibration
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 of  oxygen-vacancy-linked  dipoles  to  the  polarizability  35.  For  SPS  samples  (Figure  5b),
dielectric permittivity increased with increasing sintering temperature, which is correlated to
the densification of samples and the increase of grain size (Figure 1). The permittivity of the
SPS1200 is  dispersive  comparing to those of  the other samples.  It  is  suggested that  the
oxygen vacancies started to form clusters in SPS1200. The permittivity of SPS1200 showed
clear  increase  with increasing frequency  and become dispersive  as  it  is  approaching  the
harmonic vibration of the cluster under THz radiation with increasing frequency. Whereas,
the cluster  kept growing with increasing sintering temperature and crystallography shear
planes  were formed in  SPS1250 (Figure  2d),  which  is  more stable  under  the tested  THz
domain.  As  for  SPS1050,  the  permittivity  showed  much  less  dispersive  in  the  tested
frequency range as the sintering temperature is  too low to form oxygen-vacancy related
clusters.
The dielectric loss of the  CS  samples is generally higher than those of the SPS samples, as
seen in Figure 5c, d. This is associated to the high density of the trapped porosities (Figure 1)
and oxygen vacancies (Figure 2, 4) existed in CS samples. SPS1050 exhibited trapped porosity
and relative low density (Figure 1c), leading to the high loss. Interest has been focused on
SPS1200 and SPS1250 (Figure 5d), due to the ultra-low loss (0.0050 and 0.0042, respectively)
observed, which are less than half of that in SPS1050 (0.0121) and CS1250 (0.0133, and the
lowest among the CS samples) at 0.20 THz. Trapped porosity, as a main mechanism for loss,
was barely  observed in SPS1200 and SPS1250 (Figure 1).  Meanwhile,  less anharmonicity
from defects has been deduced from the Figure 4d, which is also taken to account for the
low-loss. 
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 The complex dielectric  permittivity of  SPS1250,  fitted by a four-parameter semi-quantum
(FPSQ) model, is shown in Figure S3 with comparison to a previous study by Matsumoto  et
al36. The loss tangent has been reduced by 20% at 0.2 THz and 30% at 0.8 THz. The dispersion
parameters of SPS1250 extracted from the measured complex transmission data are listed in
Table S2 with comparison to the reported data 36. The red-shift of 1st order TO and LO modes,
with significantly decreased damping frequencies, indicates a less dispersive permittivity and
lower loss. 
Figure 6 displays the reviewed dielectric behaviour of different materials,  including linear
dielectrics, ferroelectrics and polymers from the literatures, at both 0.3 and 0.8 THz. The TiO 2
ceramic produced here has negligible dispersion and ultra-low loss over the tested THz band,
which is the lowest value for known high permittivity dielectrics (e.g. εr > 50). 
In conclusion, we have reproducibly engineered manufactured pure TiO2 ceramics with the
desired properties of high permittivity and ultra-low loss in the 0.20 - 0.80 THz band. It has
been demonstrated that a low density of trapped porosity,  high ceramic density and low
concentration of oxygen vacancies are the key factors governing the dielectric properties,
which have been achieved using the SPS method of sintering rather than the conventional.
Such  ceramics  are promising for  not  only  devising  efficient  THz  micro-structured
components,  but  also  minimizing  size  and  maximizing  the  resonance  quality  factor  of
microelectromechanical and wireless electronic systems. 
Methods
Sample preparation: The starting materials were  TiO2 (Alfa Aesar, 99.6%) and ZnO (Sigma-
Aldrich, 99.6%). For SPS samples, TiO2 ceramics  were produced by Spark Plasma Sintering
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 (HPD 25/1 FCT, German), at 1050 °C, 1200 °C and 1250 °C at a pressure of 80 MPa for 3
minutes. The heating and cooling rates were 100 °C min-1. Samples were then annealed in air
at  100  °C  below  their  sintering  temperature  for  20  hours  to  remove  any  carbon
contamination  and  to  equilibrate  the  oxygen  content  at  atmospheric  conditions.  For  CS
samples, TiO2 powder mixed with 1 wt% ZnO were sintered at 1210 °C, 1250 °C and 1300 °C
for 3 hours in air. Densities were obtained using Archimedes’ method.
Characterization:  The  microstructure  of  the  specimens  was  examined  using  a  scanning
electron microscope (FEI, Inspect F, Hillsboro, OR). For the transmission electron microscopy
studies the samples were crushed in ethanol. A drop of this dispersion was put on a copper
grid  covered with  a  holey  carbon film.  High-resolution transmission  electron  microscopy
(HRTEM) images and selected area electron diffraction (SAED) patterns were recorded using
a JEOL JEM 2010 transmission electron microscope operated at 200kV. Raman spectroscopy
(Renishaw Ramascope, He-Neon Laser-633 nm) was performed on the ceramics. The electron
energy  states  of  elements  in  the  samples  were  determined  by  X-ray  photoelectron
spectroscopy (XPS, ESCALAB MK II, VG Scientific). The XPS peaks were fitted using Origin 9.0
software.
Terahertz Dielectric measurements: The THz complex dielectric response of the samples was
measured using two apparatus: one is by standard terahertz time-domain spectroscopy (THz-
TDS from TeTechs Ltd) to measure the signal as a function of time-delay between the THz
radiation and probe beam, in which the electric field of the THz pulse in the time-domain can
be mapped. Fourier transforming the time-domain data yields a spectral domain response
workably spanning 0.2 to 0.8 THz for the TiO2 samples. The second THz spectrometer is a
Vector Network Analyser (VNA, HP N5244A from Keysight Technology Ltd) and its millimetre
 wave extension heads were used to drive a  quasi-optical  (QO) transmission meter  37  to
directly acquire frequency scattering parameters from 0.220 to 0.325 THz. Error analysis has
been done by measuring sample thickness four times and repeating THz measurement five
times. The sample thickness is listed in Table S3.
Data Availability
All data generated or analysed during this study are included in this published article (and its
Supplementary Information files).
Reference
1 Ferguson, B. & Zhang, X. C. Materials  for terahertz  science and technology.  Nat.
Mater. 1, 26-33 (2002).
2 Kanda, N., Konishi, K., Nemoto, N., Midorikawa, K. & Kuwata-Gonokami, M. Real-
time broadband terahertz spectroscopic imaging by using a high-sensitivity terahertz
camera. Sci. Rep. 7 (2017).
3 Koenig, S. et al. Wireless sub-THz communication system with high data rate.  Nat.
Photonics 7, 977-981 (2013).
4 Nagel, M. et al. Integrated THz technology for label-free genetic diagnostics.  Appl.
Phys. Lett. 80, 154-156 (2002).
5 Wu, K., Cheng, Y. J., Djerafi, T. & Hong, W. Substrate-integrated millimeter-wave and
terahertz antenna technology. Proc. IEEE 100, 2219-2232 (2012).
6 Shalaby, M., Peccianti, M., Ozturk, Y. & Morandotti, R. A magnetic non-reciprocal
isolator for broadband terahertz operation. Nat. Commun. 4, 1558 (2013).
7 Chen, H.-T. et al. A metamaterial solid-state terahertz phase modulator. Nat. Photonics
3, 148-151 (2009).
8 Bao,  H.,  Nielsen,  K.,  Bang,  O.  & Jepsen,  P.  U.  Dielectric  tube  waveguides  with
absorptive cladding for broadband,  low-dispersion and low loss THz guiding.  Sci.
Rep. 5 (2015).
9 Khurgin,  J.  B.  How to  deal  with  the  loss  in  plasmonics  and  metamaterials.  Nat.
Nanotechnol. 10, 2-6 (2015).
10 Soukoulis,  C.  M.  & Wegener,  M.  Past  achievements  and  future  challenges  in  the
development of three-dimensional photonic metamaterials. Nat. Photonics 5, 523-530
(2011).
11 Matsumoto, N., Nakagawa, T., Kageyama, K., Wada, N. & Sakabe, Y. Terahertz Band-
Pass filter fabricated by multilayer ceramic technology.  Jpn. J. Appl. Phys. 45, 7499
(2006).
12 Kamba, S. et al. High frequency dielectric properties of A5B4O15 microwave ceramics.
J. Appl. Phys. 89, 3900-3906 (2001).
12
 13 Nuzhnyy, D. et al. Dynamics of the phase transitions in Bi-layered ferroelectrics with
Aurivillius structure: Dielectric response in the terahertz spectral range.  Phys. Rev. B
74, 134105 (2006).
14 Grant, F. Properties of rutile (titanium dioxide). Rev. Mod. Phys. 31, 646 (1959).
15 Berdel,  K.,  Rivas,  J.  G.,  Bolívar,  P.  H.,  De  Maagt,  P.  &  Kurz,  H.  Temperature
dependence  of  the  permittivity  and  loss  tangent  of  high-permittivity  materials  at
terahertz frequencies. IEEE Trans. Microwave Theory Tech. 53, 1266-1271 (2005).
16 Janotti, A. et al. Hybrid functional studies of the oxygen vacancy in TiO2. Phys. Rev. B
81, 085212 (2010).
17 Hasiguti,  R. R. The structure of defects in  solids.  Annu. Rev.  Mater.  Sci. 2,  69-92
(1972).
18 Killey, R. I. & Behrens, C. Shannon's theory in nonlinear systems. J. Mod. Opt. 58, 1-
10 (2011).
19 Choi, M. et al. A terahertz metamaterial with unnaturally high refractive index.  Nat.
470, 369-373 (2011).
20 Wijaranakula, W. Effect of point defect reactions on behavior of boron and oxygen in
degenerately doped Czochralski silicon. Appl. Phys. Lett. 62, 2974-2976 (1993).
21 Yin, Q., Zhu, B. & Zeng, H. Microstructure, Property and Processing of Functional
Ceramics.  132 (Springer Science & Business Media, USA, 2010).
22 Templeton, A. et al. Microwave dielectric loss of titanium oxide. J. Am. Ceram. Soc.
83, 95-100 (2000).
23 Hesse, R., Streubel, P. & Szargan, R. Product or sum: comparative tests of Voigt, and
product or sum of Gaussian and Lorentzian functions in the fitting of synthetic Voigt‐
based X ray photoelectron spectra. ‐ Surf. Interface Anal. 39, 381-391 (2007).
24 Chen, M. et  al. X-ray photoelectron spectroscopy and auger electron spectroscopy
studies of Al-doped ZnO films. Appl. Surf. Sci. 158, 134-140 (2000).
25 Santara,  B.,  Giri,  P.,  Imakita,  K.  & Fujii,  M.  Evidence  for  Ti  interstitial  induced
extended visible absorption and near infrared photoluminescence from undoped TiO2
nanoribbons: an in situ photoluminescence study. J. Phys. Chem. C 117, 23402-23411
(2013).
26 Anderson, J., Tilley, R., Roberts, M. & Thomas, J. Surface and Defect Properties of
Solids. Vol. 1 The Chemical Society, London, 1 (1972).
27 Reece, M. & Morrell, R. Electron microscope study of non-stoichiometric titania.  J.
Mater. Sci. 26, 5566-5574 (1991).
28 Pullar, R. C., Penn, S. J., Wang, X., Reaney, I. M. & Alford, N. M. Dielectric loss
caused by oxygen vacancies  in  titania  ceramics.  J.  Eur.  Ceram. Soc. 29,  419-424
(2009).
29 Bursill, L. & Hyde, B. Crystallographic shear in the higher titanium oxides: structure,
texture, mechanisms and thermodynamics. Prog. Solid State Chem. 7, 177-253 (1972).
30 Sørensen, O. T. Nonstoichiometric oxides.  (Elsevier, 2012).
31 Betsch, R. J., Park, H. L. & White, W. B. Raman spectra of stoichiometric and defect
rutile. Mater. Res. Bull. 26, 613-622 (1991).
32 Parker, J. & Siegel, R. Raman microprobe study of nanophase TiO2 and oxidation-
induced spectral changes. J. Mater. Res. 5, 1246-1252 (1990).
33 Lubchenko, A. & Nyap, N. K. Anharmonic effects in the dispersion of the permittivity
tensor of solid solutions. Theor. Math. Phys. 19, 593-599 (1974).
34 Lan, T., Tang, X. & Fultz, B. Phonon anharmonicity of rutile TiO2 studied by Raman
spectrometry and molecular dynamics simulations. Phys. Rev. B 85, 094305 (2012).
35 Hu,  W. et  al. Electron-pinned  defect-dipoles  for  high-performance  colossal
permittivity materials. Nat. Mater. 12, 821-826 (2013).
13
 36 Matsumoto, N. et al. Analysis of dielectric response of TiO2 in terahertz frequency
region by general harmonic oscillator model. Jpn. J. Appl. Phys. 47, 7725 (2008).
37 Wang, Y., Yang, B., Tian, Y., Donnan, R. S. & Lancaster, M. J. Micromachined thick
mesh filters for millimeter-wave and terahertz applications. IEEE Trans. Terahertz Sci.
Technol. 4, 247-253 (2014).
Acknowledgements
B.Y.  thanks  for  the  financial  support  from  EPSRC  Teranet  fund  (EP/M00306X/1).  C.Y.Y.
acknowledges the scholarship from China Scholarship Council.
Author contributions
C.Y.Y.  prepared the SPS samples, performed the SEM experiment and Raman experiment,
analysed all the data and prepared the manuscript. B.Y. and Y.Z. performed the THz dielectric
properties measurement and data calculation.  J.B.H.  and Z.X.X provided the CS samples.
B.G.S and H.T.Y performed the XPS experiment. R.B. helped with the Raman data analysis.
A.Mahajan  and  N.Tarakina  performed  the  TEM  measurements  and  related  analysis.  B.Y.,
H.X.Y., R.D. and M.R. coordinated and managed the project. All co-authors participated in the
discussion of the results and revision of the manuscript. 
Competing financial interests: The authors claim no competing financial interests.
14
 Figures
Figure 1 SEM of (a) fracture surface of CS1210; (b) CS1210 thermally etched at 1150 °C; (c)
SPS1050 thermally etched at 1000 °C; (d) SPS1200 thermally etched at 1050 °C; (e) SPS1250
thermally  etched at  1100 °C;  (f)  fracture  surface of  SPS1250 (S  denotes  sintering aid;  P,
precipitation)
15
 Figure 2 XPS of  (a)  Ti  2p peaks of  CS samples;  (b)  O 1s peaks of CS samples with fitted
CS1210; (c) Ti 2p peaks of SPS samples; (d) O 1s peaks of SPS samples with fitted SPS1050.
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 Figure 3 (a) HRTEM image of defects in CS1250; (b) selected area diffraction pattern (SAED)
taken from the crystal in (a). Red and white indices indicate reflections on the SAED that are
coming from different twin domains in the rutile structure; (c) HRTEM image of the area
marked by dashed lines in (a),  showing twin defects;  (d)  bright-field electron microscopy
image showing complex defects in CS1250. White arrows indicate positions of  faults;  (e)
SAED pattern taken from the area of the crystal with defects shown in (d). The pattern is
indexed in the Ti4O7 Magnéli phase. (f) HRTEM image of the area marked by dashed lines in
(d), showing the Ti4O7 Magnéli phase area of the grain.
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 Figure 4 (a) Raman spectra of conventional sintering samples; (b) peak position and FWHM
of the Eg mode of CS samples; (c) Raman spectra of SPS samples; (d) peak position and
FWHM of Eg mode of SPS samples.
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 Figure  5 Frequency-dependence of  (a)  permittivity  in  CS samples;  (b)  permittivity  in  SPS
samples; (c) dielectric loss in CS samples and (d) dielectric loss in SPS samples in the THz sub-
spectral domain (0.20 - 0.80 THz). The solid lines are the experimental results from THz-TDS
system and the discrete points are the experimental results from the VNA+QO transmission
system.   
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 Figure 6 A review of reported dielectric behaviour for different materials at (a) 0.3 THz; (b)
0.8 THz (references are provided in the supplementary information).
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